The present study investigates morphologically similar species in the amphipod genus Niphargus, with special emphasis on three presumably closely-related species: N. fontanus, N. aquilex, and N. schellenbergi. The distribution ranges of these species overlap in Central Europe, and ambiguity of the current diagnostic characters has likely resulted in misidentifications. To address this issue, we carried out molecular-phylogenetic analyses of Cytochrome Oxidase Subunit 1 gene (COI) and 28S rDNA sequences for 34 individuals of the three species from 27 sites in Central Europe and Great Britain. We also included 14 GenBank sequences for two additional species, N. virei and N. rhenorhodanensis, to increase the resolution potential among our in-group taxa. In addition, about 100 specimens of the three species were examined for a reappraisal of diagnostic characters. Representative specimens taken from various subterranean habitat types were examined for each of the three species. A new morphological key, utilizing improved characters, is presented to clearly distinguish between N. fontanus, N. aquilex, and N. schellenbergi. Molecular-phylogenetic analysis using COI sequence data indicates geographically well-delimited clades for N. aquilex and N. fontanus. Our data suggest that some previously recorded niphargids from the Harz Mountains of Germany, initially identified as N. fontanus or N. aquilex, were all N. schellenbergi.
INTRODUCTION
To stimulate interest in this species-rich taxon, the German Speleological Federation selected the subterranean amphipod genus Niphargus as ''2009 Cave Animal of the Year.'' Indeed, Niphargus Schiödte 1849, represents one of the largest and most diverse groups of freshwater amphipods, and has been estimated to contain over 300 species and subspecies (Fišer et al., 2008b; Väinölä et al., 2008) . Unfortunately, numerous inconsistent or even contradictory diagnostic characters have been applied to niphargids over the last 160 years (Fišer et al., 2008b) , to the point where many species cannot now be clearly defined. For example, the currently available classification keys ( Ginet, 1996; Schminke and Gad, 2007) are based on highly variable morphological characters, and are insufficient for unambiguous identifications of some species. This has resulted in misidentification of specimens and confusion over geographic species ranges, to the extent that a number of species have been unambiguously reported only from their type localities.
The overall taxonomy within Niphargus is controversial. Although the genus is characterized by a high degree of morphological homogeneity (Karaman and Ruffo, 1986) , species' diagnostic characters can exhibit extensive intraspecific variability. Some species and subspecies are thus morphologically highly similar and difficult to distinguish. Compounding the problem of species identification, intraspecific morphological distinctness between geographically distant populations has been left taxonomically unevaluated (Fišer and Zagmajster, 2009) , while molecular variation suggests that some currently recognized species may actually encompass a number of genetically divergent but morphologically similar ''cryptic species'' Trontelj et al., 2009; Flot et al., 2010) .
Our experience with niphargid samples from northern Germany, as well as local monitoring reports on groundwater fauna, suggest that several closely related species have often been misidentified. Here we re-evaluate the identity of Niphargus aquilex Schiödte 1855, Niphargus schellenbergi S. Karaman 1932 , and Niphargus fontanus JOURNAL OF CRUSTACEAN BIOLOGY, 31(4): 701-709, 2011 Bate 1959, whose putative ranges overlap throughout much of Central Europe (Fig. 1) . To address the question of species identification, we conducted molecular phylogenetic analyses using mitochondrial (COI) and nuclear (28S) sequences for 34 samples from 27 sites in Germany, Belgium and Great Britain plus archived sequences of two additional niphargid species and two out-group taxa. For a morphological evaluation of the results obtained from molecular analyses we examined about 100 specimens, including samples from the same 27 sites, to re-appraise their taxonomic status and develop a revised classification key. The results of our comparative analysis find N. aquilex, N. schellenbergi, and N. fontanus to be unequivocally morphologically distinguishable by setal patterns of their appendages, and to form genetically distinct clades.
MATERIALS AND METHODS

Molecular Analysis
DNA was extracted from entire specimens of each of the three species using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) or the QIAamp DNA Mini Kit (Qiagen, Valencia, CA), or the phenol-chloroform method (Sambrook et al., 1989) . An approximately 700 bp fragment of the cytochrome oxidase I (COI) gene was amplified using LCOI490 and HCO2198 primers (Table 1, Folmer et al., 1994) with Sp6 and T7 sequencing tags at an annealing temperature of 44uC. Approximately 800 bp of the 28S gene were amplified using the primers of Verovnik et al. (2005) , plus Sp6 and T7 tags, at an annealing temperature of 48uC. Purified PCR products were bidirectionally sequenced by Macrogen (Korea). Sequence data were manually proof read from electropherograms using SeqMan II (DNAstar).
Phylogenetic Analysis
In addition to the sequences generated in this study, we included available COI and 28S sequences from GenBank (NCBI) for the three species under investigation, our in-group (see Table 2 ). Furthermore, 14 GenBank sequences for Niphargus virei Chevreux, 1896 and Niphargus rhenorhodanensis Schellenberg, 1937 were added to the data set to increase the resolution potential among the ingroup taxa. We did not perform analyses combining both COI and 28S, because the data sets were generated from different individuals within a site. For both analyses, two other amphipods were used as an out-group, Bogidiella albertimagni Hertzog, 1933 and the ubiquitous Gammarus pulex (Linnaeus, 1758) , which occur in German ground and surface waters, respectively.
Sequences were aligned with MEGA 4.0 (Tamura et al., 2007) using the ClustalW algorithm (Thompson et al., 1997) . Alignment errors in the 28S data set were manually corrected. We used the MrModeltest 2.2 (Nylander, 2004) to individually calculate substitution models for each codon position Table 2 for site details. Based on the best-fit models supported by the Akaike information criteria (AIC), we analyzed the partitioned COI data set using the following parameters in MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003 ) first codon (model 5 GTR + I): nst 5 6 rates 5 propinv; second codon (model 5 F81): nst 5 1 rates 5 equal; third codon (model 5 HKY + G): nst 5 2 rates 5 gamma. Statefreq, revmat, shape, pinvar, and prset were unlinked for the three codon positions, and ratepr was set to variable. The model was set to run for 2.5 million generations, or until reaching a split frequencies value less than 0.01. For the alignment of the 28S rDNA sequences, the best-fit (non-partitioned) model supported by the AIC was GTR + I + G as implemented in MrModeltest 2.2. Analysis in MrBayes utilized the parameters lset nst 5 6 rates 5 gamma, for 5 million generations or until reaching a split frequencies value less than 0.01. Retrieval of trees from both runs was based on burnin estimates of 150 (COI) and 40 (28S).
Morphological Analysis
For a morphological appraisal of the results obtained from molecular sequence analyses, we used reference specimens for all three species from different European localities. In contrast to the specimens from the Harz Mountains region, all reference specimens originated from well-confirmed localities for each of the three species. Based on the reference specimens, we could distinguish major clades in the trees resulting from the data sets of both COI and 28S. All specimens from Harz Mountains emerged in clades with specimens of N. schellenbergi from Belgium and Luxembourg, while N. aquilex and N. fontanus were each retrieved in separate clades. These results were the basis for our morphological re-evaluation of the three species of Niphargus. To develop a new, robust identification key, we investigated potential heterochronies (Fišer et al., 2008a) and variable and stable characters noted by Fišer et al. (2009) . About 100 niphargid specimens were examined. Samples were taken from 27 European localities, including sixteen in Germany, seven in Great Britain and two in Belgium (Table 2) . Nine of the German specimens were from the Harz Mountains region, while the remainder came from the North German Plain, Hessen, and the Lower Main Plain. Specimens were collected from diverse habitats, including springs, wells, mine shafts, and cave pools.
After an initial survey of inter-and intra-specific morphological variability, we used the following character set for species assignments: the number of setae on the posterior margins of the bases of the pereopods; the number of apical setae on the palp of the maxilla I; the shape and size of the propods of gnathopods I and II; and the number of setae on the outer margin of dactyls of both gnathopods. For quantitative treatment of metric characters (number of setae), values were pooled into intervals (a modification of a population aggregation analysis; see Wiens and Penkrot, 2002) . We considered members of monophyletic groups as hypothesized by the phylogenetic analyses (see below), thus, by pooling values into intervals we tested the phylogenetic assumptions based on an independent set of characters. A new identification key for these three species was then developed based on these characters.
Additionally, 41 individuals of N. schellenbergi from a mine shaft (Sieberstollen, St. Andreasberg) in the Harz Mountains were examined for morphometric comparison with published records for N. aquilex (Gledhill and Ladle, 1969) . Measurements of the body length were made from the front of the head to the telson using a calibrated photogrammetric system. The number of eggs per female was counted under a dissecting microscope. Size and fecundity data were analyzed using Mann-Whitney Rank Sum tests (SigmaStat).
RESULTS
Phylogenetic Analysis
Analyses of both COI and 28S markers clearly differentiate between the three species N. aquilex, N. schellenbergi, and N. fontanus. All three species appear as well-supported, monophyletic clades in both trees. In both trees, the problematical specimens from the Harz Mountains region emerge in a clade with specimens of N. schellenbergi from Belgium and Luxembourg. Based on these results, we were able to develop a new set of diagnostic morphological characters that confirmed the identity of all specimens from Harz as belonging to N. schellenbergi (see above and below).
In the COI analysis (Fig. 2) , the clades of the three species of interest have maximum support by posterior probability (PP 5 1.0), while support is lower (PP 5 0.8) for N. rhenorhodanensis due to differing branch lengths of the included specimens. Niphargus schellenbergi appears as the basal sister group to all other included niphargids. Further, N. aquilex forms a sister group to a clade formed by [N. fontanus + N. rhenorhodanensis and N. virei]. Geographic isolation is indicated by distinct subclades within each species. Within N. schellenbergi, geographic subclades with low PP support (0.6) are recovered for specimens from Germany and Belgium. Well-supported geographic subclades are indicated between N. aquilex specimens from Germany and Great Britain (PP 5 0.98), and N. fontanus from Great Britain and Belgium (PP 5 1 and 0.8). In contrast, the two subclades of N. virei do not correspond with geographic locations.
Analysis of the 28S data set also finds maximum support for all clades except for N. rhenorhodanensis ( Fig. 3 ; PP 5 0.73). Niphargus virei is recovered as a basal sister group to [N. aquilex + schellenbergi], which together form a sister group to [N. fontanus + N. rhenorhodanensis]. No geographic subclades are found within the species using this marker.
Morphological Analysis
Considering the results of molecular sequence data, a morphological re-examination of samples indicated that the character states described in previous identification keys were insufficient for differentiation of the three species evaluated herein. This key had been published originally by Schellenberg (1942) and is presently, with minor modifications (Ginet, 1996) , the only available key to identify the three species (Schminke and Gad, 2007) . Diagnostic characters defined in this key include the posterior margins of the three epimeral plates, the palmar margin of the second gnathopod, the length ratio of the rami of the first uropod, the apical spines on the outer plate of the first maxilla, and the retinaculae on the pleopods. We found that none of the characters could be used to unambiguously distinguish between the three species. Some characters were too variable or poorly defined, leading to disagreement between authors as to the character states for each species. For example, the number of retinaculae on the pleopods of N. aquilex was found to be two by Schellenberg (1942) , but three to four by Karaman (1980) and Ginet (1996) . We found that the shape of the third epimeral plate, previously used as a diagnostic character, varies considerably within a species and therefore does not allow definitive species identification. This is in accordance with the drawings collected by Ginet (1996) , which also show significant variation in angle and degree of curvature between individuals of the same species and same sex. Characters used in our new key exhibit no or low variability within species and are sufficiently different between species to provide robust diagnoses.
One useful diagnostic character in N. aquilex is the presence of only one seta on each of the dactyls of both gnathopods. Niphargus fontanus is clearly distinguished from the other two species by the form of the gnathopods, in which the protopod of the second gnathopod is markedly larger than that of the first gnathopod. In addition, the palm of the protopod is very angular, giving the protopod a pearshaped appearance (Figs. 4-5) . A further defining character is the palp of the maxilla I, which in N. fontanus has between five and eight apical setae, while N. aquilex and N. schellenbergi both have three apical setae (Fig. 4) . Niphargus schellenbergi is distinguished by the presence Fig. 2 . Phylogenetic tree based on Bayesian inference analysis of COI data set. Numbers at branching points indicate posterior probabilities. See Table 2 for abbreviations of collection sites; rheno 5 rhenorhodanensis.
of a large number of setae (13-18) on the posterior side of the base of pereiopod VII. By comparison, Niphargus aquilex has seven to nine setae, while N. fontanus has 10-12 setae. The form of the third epimeral plate, a central feature of previous keys (Ginet, 1996; Schellenberg, 1942) , was excluded because it was found to be an inadequate character (see above).
In the morphometric analysis, mature female N. schellenbergi were found to be significantly longer ( Fig. 6 ; Mann-Whitney, P , 0.001) and to bear significantly more eggs (Mann-Whitney, P , 0.001) than the N. aquilex specimens examined by Gledhill and Ladle (1969) .
Revised Identification Key for Adult Niphargus aquilex, N.
fontanus, and N. schellenbergi Based on our results from both molecular and morphological comparisons, we suggest the following revised identification key. The key is based on specimens from different European regions (see Table 2 ), and the combination of character states was found to be consistent for each of the three species. However, it is still possible that local variation exceeds the morphological definitions presented below. Table 2 for abbreviations of collection sites.
DISCUSSION
Phylogenetic Analysis
Both molecular markers clearly distinguish between N. aquilex, N. fontanus, and N. schellenbergi. The rooted trees generated from COI and 28S genetic markers show clear separation of the species, and in some cases differentiate between geographic regions within a species. Although the topologies of the trees differ, support for most clades is high in both trees. COI, as expected, offers better geographic resolution, suggesting the utility of genetic barcoding markers for this group (see also Flot et al., 2010) . Well-supported genetic divergence in geographically isolated samples of both N. fontanus and N. aquilex implies constrained gene flow between sub-populations within these two species. These results may be indicative of an ongoing process of speciation, and the presence of cryptic species should be considered. More specific taxonomic conclusions will require intensive sampling throughout the species' distributions. Surprisingly, the COI analysis indicates that N. aquilex is more closely related to the other three species in the analysis than it is to N. schellenbergi. The previous status of N. schellenbergi and N. aquilex as subspecies of N. aquilex (Straškraba, 1972) would have suggested a closer relationship between these two species. Data from 28S, on the other hand, support the previously assumed relationship, but not the subspecies designation (for a discussion on the justification of subspecies see also Fišer et al., 2009 , and a case study by Hänfling et al., 2009 ).
Morphological Analysis
In his re-evaluation of the genus, Straškraba (1972) recognized 13 species groups, for which he did not provide morphological characters or diagnostic character definitions. The aquilex-tauri group encompasses 49 species, including two of our three study species, N. aquilex and N. schellenbergi. Straškraba placed our third study species, N. fontanus, as sister to the aquilex-tauri group. In addition, he found little morphological distinction between N. aquilex and N. schellenbergi and considered them to be subspecies.
The characters used in previous keys to the genus (Ginet, 1996; Schellenberg, 1942) were not sufficient for an unequivocal species diagnosis (see Results). In concordance with Fišer et al. (2009) , we found the setation of the dactyls of the gnathopods to be a particularly strong character for use in the new key. One single seta on each dactyl of both gnathopods had previously been considered as a diagnostic character for N. aquilex (Ginet, 1996) , and is upheld in our examinations. This character requires adult specimens, however, as juveniles of all three species have one seta on the dactyls (CF, personal observation). Furthermore, we determined that the relative shape and proportions of gnathopods I and II set N. fontanus apart from the other two species.
A clear diagnosis of N. fontanus can also be realized through examination of the mouthparts, which have recently been noted as a particularly character-rich feature of niphargids (Fišer et al., 2009) . While N. aquilex and N. schellenbergi consistently exhibit three setae on the first maxillary palps, N. fontanus bears five to seven apical setae. We also find that setation patterns of the basis of pereiopod VII are distinct between the three species. Setation here is most variable within N. schellenbergi, however even considering intraspecific variation, this character provides stable, non-overlapping states for these species.
Although our data suggest that body length may clearly distinguish N. schellenbergi and N. aquilex, we have not incorporated this character into our key because the studied populations were widely separated (Hampshire, England, and Harz Mountains, Germany). Morphometric data from sympatric populations will be required before body length can be considered a diagnostic trait, however the two-year life cycle of N. schellenbergi (Hartmann, 1983) suggests that they may consistently achieve greater body length than the annual N. aquilex (Gledhill and Ladle, 1969) .
Taken together, these new characters allow definitive identification of these three species. While some characters may seem insignificant, they are both consistent and diagnostic. The characters and character states described here are in accordance with the standards for niphargid description proposed by Fišer et al. (2009) , and represent another step toward a unified niphargid taxonomy and generic revision.
Our analyses find N. schellenbergi, N. aquilex, and N. fontanus to be distinguishable on both a morphological and molecular basis, upholding the distinct species status of N. schellenbergi and N. aquilex as found in recent phylogenies (Fišer et al., 2008b) . Although morphological characters show a great deal of variability (Fišer et al., 2009) , and may thus be more challenging to apply than genetic markers, our study confirms the utility of both techniques using specimens from a wide range of localities. We expect this work to be directly applicable to environmental monitoring and conservation programs. Our morphological and molecular examination concur that all specimens from the Harz Mountains of Germany collected for this study were N. schellenbergi, in spite of previous reports of N. aquilex and N. fontanus during groundwater monitoring at these sites (Schminke and Gad, 2007) . This underscores the inadequacy of the previous keys, and suggests that misidentification has likely occurred in the past. Blue diamonds represent N. aquilex (n 5 39; Gledhill and Ladle, 1969) and red triangles are N. schellenbergi (n 5 41).
